We investigate the influence of various critical structural aspects such as pore density, distribution, size and number on the deformation behavior of nanoporous Cu 64 Zr 36 glass. By using molecular dynamics and finite element simulations an effective strategy to control the strain localization in nanoporous heterostructures is provided. Depending on the pore distribution in the heterostructure, upon tensile loading the nanoporous glass showed a clear transition from a catastrophic fracture to localized deformation in one dominant shear band, and ultimately to homogeneous plastic flow mediated by a pattern of multiple shear bands. The change in the fracture mechanism from a shear band slip to necking-like homogeneous flow is quantitative interpreted by calculating the critical shear band length. Finally, we identify the most effective heterostructure with enhanced ductility as compared to the monolithic bulk metallic glass. The heterostructure with a fraction of pores of about 3% distributed in such a way that the pores do not align along the maximum shear stress direction shows higher plasticity while retaining almost the same strength as the monolithic glass. Our results provide clear evidence that the mechanical properties of nanoporous glassy materials can be tailored by carefully controlling the design parameters.
Introduction
Despite the great potential of bulk metallic glasses (BMG) to be used as structural materials the inverse strength-ductilityfunctionality problem significantly limits the application of these materials. Different strategies to improve the ductility of BMG have been proposed in the last decades such as synthesizing composite materials reinforced with a secondary crystalline phase [1e6], predeformation, such as cold rolling [7e9], producing nanoglasses with soft glasseglass interfaces [10e12], or fabrication of porous metallic glasses [13e17] . In general, the role of the soft heterogeneities such as crystallites, pre-induced shear bands (SBs), interfaces or pores is to introduce strain concentrations which act as initiation sites for SBs resulting in the formation of a highly organized pattern of multiple SB formation. The extrinsic stress concentrators distributed uniformly throughout the BMG stabilizing the glass against catastrophic failure along a critical SB.
Due to the light weight, enhanced ductility and excellent electrical/thermal conductivity porous BMG can be good candidates for structural and functional applications [18] . Porous BMG with an average pore size ranging from just couple of tens of nanometers to hundreds of micrometers have been fabricated using a number of approaches [13e17] . However, all these techniques to fabricate such porous BMG do not allow controlled variation of structural features, such as pore spacing, size, shape, and volume fraction. Recently, a new experimental method has been proposed by Sarac and Schroers [19] to fabricate heterostructures like foams allowing a systematic variation of the structural features. Computational investigations prove useful at this stage. The studies of [20] on the microanatomy arrangement of the porous BMG reveal that the size and configuration of the pores together with the amount of porosity can systematically control the SB propagation. When decreasing the characteristic length scale of the pores to the nanometer regime molecular dynamics (MD) simulations have revealed that the size of the pores greatly influences the initiation and propagation of SBs in BMG upon uniaxial compression [21] . In these simulations, however, free surface boundary conditions were present that promote the activation of shear transformation zones (STZ) [22] . Thus, the free surface and the pores are competing heterogeneities, and the results do not provide a clear picture of the deformation mechanism of a bulk nanoporous structure. Moreover, many critical aspects such as how the pore spacing, distribution, size, and volume fraction affect the plasticity of nanoporous BMG are not yet studied.
In this work we provide a systematic investigation on the mechanical properties of Cu 64 Zr 36 nanoporous BMG by means of two different approaches using atomistic and continuum modeling: MD and finite element (FE) simulations, respectively. First, we investigate the size effects on the deformation mechanism by comparing our results to those obtained for heterostructures with the pore sizes in the micrometer regime [19, 20] . Then, the impact of the pore distribution on the deformation mechanism of nanoporous BMG is investigated. In addition, the optimization of strength and ductility in nanoporous BMG is discussed in terms of pore size and number. Finally, the pore architecture is tailored and the most effective heterostructure is designed which shows a high plasticity together with a yield strength quite close to the value of the monolithic BMG.
Simulation approach

Molecular dynamics simulations
For studying mechanical properties of nanoporous BMG, classical MD simulations were performed using the program package LAMMPS [23] . The interatomic interaction is described by the modified Finnis-Sinclair type potential for CueZr binary alloys proposed by Mendelev et al. [24] . For a system with N atoms, the total energy U consists of a pairwise term and a many-body term
where t i (t j ) is the element type of atom i(j), 4 is the pairwise potential between atom i and j separated by a distance r ij , F is the embedded energy functional and r the electronic density. This potential reproduces experimental x-ray diffraction data on amorphous CueZr alloys [24] . For all simulations, a constant integration time step of 2 fs was used. In the first step, a metallic glass block containing 8000 atoms was produced by quenching from the melt. After relaxation at 2000 K for 2 ns to ensure chemical homogeneity, the melt was quenched to 50 K using a cooling rate cooling rate of 0.01 K/ps. The atomic structure of the synthesized Cu 64 Zr 36 glass shows good agreement with what has been reported in literature [25] . Next, plates of different dimensions were constructed by replicating the initial BMG block to construct a structure consisting of more than six million atoms. Nanoporous BMGs with different number of pores and distribution were created by extruding circles of diameters varying from 1.3 nm up to 18 nm in the xzÀ plane. The structures were relaxed to zero pressure at 50 K for 100 ps prior to deformation. Periodic boundary conditions were applied in all three dimensions and, hence, the pores are actually cylinders of infinite lengths.
In order to study the deformation mechanism of nanoporous BMG in comparison to the monolithic BMG the structures were deformed under uniaxial tension parallel to the zÀ direction. All structures were deformed by applying a constant strain rate of 4 Â 10 7 1/s at a constant temperature of 50 K. The pressure in xÀ and yÀ direction was kept zero, allowing for lateral contraction. The atomic scale deformation mechanisms were analyzed by visualizing the local atomic shear strain [26] , calculated with the OVITO analysis and visualization software [27] .
Finite element analysis
The effects of pore density, size, and stacking were investigated by the finite element simulations to reinforce the argument postulated by the atomistic simulations. Albeit their unique properties originating from the amorphous structure, metallic glasses were started to be investigated through finite element methods only in the last couple of decades [28e30] . A local version of the constitutive model introduced by Bargmann et al. [31] was adopted, which is thermodynamically consistent and rate dependent [32] . For model details and its nonlocal extension the reader is referred to [31] . The model was implemented as a user defined material subroutine for ABAQUS. The used model parameters at room temperature are presented in Table 1 .
The overall size of the samples, as well as the porosity and pore distribution were taken the same as in the case of atomic simulations to establish a one-to-one comparison. In the simulations explicit dynamic formulation is used. In line with the MD simulations, periodic boundary conditions were pursued along the edges of the representative volume element (RVE). We assume plane strain conditions at a loading rate of 10 À4 1/s. Unlike the work of Ruan et al. [33] , where loss of ellipticity instability analyses were successfully used to determine the SB initiation orientation in metallic glasses, the observed initial structures are not homogeneous and involves voids. Selection of such RVEs help to investigate the long range interaction between voids which is not captured by the unit cell models based on the average void spacing and the macroscopic stress state where lower local strains are predicted [34] . Noting that free volume is already a measure of nano-voids in metallic glass, our modeling approach stands for a bimodal pore size distribution where the apparent hole arrangements in the RVE stand for the larger void cluster. Since the constitutive theory is a local one, the results obtained does not account for size-effects. Basically, the presented results are self-similar and scale invariant as far as the identical discretization applies.
From micro-to nano-scale
In the first part of this work we analyze the deformation mechanisms of nanoporous BMG in comparison to the case of heterostructures with pores sizes in the micrometer regime [19, 20] . In case of microporous BMG it has been shown that by designing the pore architecture within the structure, the deformation mechanism was tuned in a systematic way, allowing to quantify the influence of each microfeatural aspect on the mechanical properties [19, 20] . Based on these results, the improved tensile ductility originates from the formation of multiple SBs between adjacent pores within a sequence of rows. Moreover, the fracture of the heterostructure propagates perpendicular to the loading direction. In line with these results, it is interesting to see how the deformation mechanisms change when decreasing the characteristic length scale of the pores to the nanometer regime. Thus, we constructed three nanoporous BMGs with 8 pores and pore diameters (d) of 18, 9 and 4.5 nm, respectively. The constant spacing between the pores in lateral direction (s) is equal to the pore diameters resulting in a ratio d/s ¼ 1 (see Fig. 1(a) ). For the case of heterostructures with pore sizes in the micrometer regime, it has been shown that this ratio provides the best mechanical properties such as extensive plasticity and high yield strength [19, 20] . To preserve a constant porous-to-bulk material ratio, plates with dimensions of 18 Â 7.5 Â 50, 36 Â 7.5 Â 112 and 72 Â 7.5 Â 212 nm 3 , and a total number of 330987, 1525827, and 6303849 atoms, were constructed by replicating the initial BMG block. In order to investigate the mechanical properties of these nanoporous BMGs the stressestrain curves together with snapshots of the local atomic shear strain evolution during the deformation are presented in Fig. 1 . In line with the experimental work [19] , we find that all three heterogeneous structures fracture perpendicular to the loading direction (Fig. 1) . However, comparing the case of the heterostructure with a pore size of 18 nm and the other two structures with smaller pores, it can be easily observed that the deformation mechanisms differ. The nanoporous BMG with a pore diameter of 18 nm exhibits a two step deformation mode: localized yielding confined in SBs followed by necking like homogeneous flow. Initially, notches are formed at the surface of the pores at a strain of about 6% marked with point A on the stressestrain curve in Fig. 1(a) . These notches represent the nucleation zones for the SBs. When the plastic deformation zone size reaches the critical size compared to the SB width, SB nucleation takes place [35, 36] . The SBs are subsequently redirected towards the neighboring pore (point B) drastically lowering the applied stress. The snapshot B in Fig. 1(a) shows the formation of one mature SB between two adjacent pores. Upon loading the threshold stress level is reached, causing other small embryonic SBs to nucleate and propagate along the same line of pores. Between points B and C the SBs intersect and overlap forming a broad region with an enhanced atomic strain. From this point until the final strain level when fracture occurs (point D) the structures deform homogeneously by necking. On the other hand, when decreasing the size of the pores below 18 nm we find a strong difference in the strain localization. For the cases of nanoporous BMGs with pore sizes of 4.5 nm and 9 nm no SBs nucleate during deformation. Thus, the yielding mechanism changes from shear slip via formation of SBs to formation of a broad necking region between the adjacent pores (see Fig. 1 , panels (b) and (c)). Once the yield stress is overcome, the nanoporous BMGs deform very fast by necking and finally fracture perpendicular to the loading direction. Decreasing the size of the pores accelerate the necking process and fracture occurs faster. In Fig. 1 the stressestrain curve reveals a steeper drop of the stress to zero pressure when the size of the pore is decreased.
A quantitative interpretation of the plastic behavior of amorphous Ni 50 Nb 50 nanowires deformed in tension proposed by Shi [37] , explains that an amorphous nanowire exhibits shear banding as long as its length is bigger than the SB thickness. When the size of the nanowire drops below this value, then the structure exhibits necking instead of shear slip. Similar approaches can be applied to explain the transition in the plastic behavior of nanoporous BMGs with decreasing the pores size/interspacing. Here, the surface of the pores act like heterogeneities that promote the activation of shear transformation zones, and, therefore, trigger the formation of critical SBs. Based on Shi's formulation, the threshold pore interspacing should follow the condition that the elastic energy release is larger than the SB energy [37] . From this condition results a threshold interspacing: energy release and the possibility of partial SB formation. However, this data validates our MD results for the case of the nanoporous BMG with a pore interspacing of 18 nm, which is slightly smaller than l min , where a dominant SB forms and propagates between adjacent pores. Nevertheless, for the cases of heterostructures with pore interspacings of 9 and 4.5 nm, which are much smaller than the critical interspacing, no SB nucleate and, thus, the nanoporous BMGs deform homogeneously by necking. Therefore, in a rudimentary estimation, we expect that by further increasing the pore size in proportion to the pore spacing the plastic deformation will be carried by a higher number of SBs formed between the adjacent pores, resembling in this way the plastic behavior observed experimentally in heterostructures with micropores [19] .
Pore distribution effects
Valuable insights about the interplay of critical microstructural aspects such as pore distribution and mechanical properties of porous BMG heterostructures have been recently provided [19, 20, 38] . The next question we address is whether in the nanometer regime the pore distribution also affects the plasticity of nanoporous BMG. For this, the case of the heterostructure with a pore size of 4.5 nm was chosen. Three nanoporous BMGs with 16 pores but with different spatial distribution were constructed. In Fig. 2 , the local atomic shear strain at a strain level of 11% is presented for three heterostructures, one with an AA pore stacking and a ratio d/s ¼ 1 (left hand side panel), second with an AB pore stacking and d/s ¼ 1/2 (the middle panel) and finally, a structure with an AA stacking and d/s ¼ 1/2 (right hand side panel). It can be easily observed that each of these nanoporous BMGs shows completely different deformation behavior. Depending on the pore distribution in the nanoporous BMG, upon tensile loading the heterostructures show a clear transition from a fracture-like deformation mode perpendicular to the loading direction to localized deformation in one dominant SB, and finally to homogeneous plastic flow mediated by a pattern of multiple SBs, as can be seen in Fig. 2(a) .
In order to understand this drastic transition in the deformation mechanism of the nanoporous BMGs when modifying the pore distribution, a detailed analysis of the atomic structure of these heterostructures was conducted. Characteristic areas in each heterostructure were selected (regions with yellow boundaries in Fig.  2(a) ) at two different strain levels before and after reaching the ultimate tensile strength and only those atoms with an atomic strain higher than 10% are plotted (Fig. 2(b) ). In case of the nanoporous BMG with AA pore stacking and d/s ¼ 1, the material fails by fracturing perpendicular to the loading direction showing neckinglike homogeneous flow. Fig. 2(b) left hand side panel reveals that the strain fields around the neighboring pores overlap (the ellipse with black boundaries). Initially, the STZs nucleate around the pores forming notches. These notches overlap providing a continuous zone characterized by a high degree of disorder and enhanced free volume. Consequently, the heterostructure deforms via fast necking along one of these soft regions and finally fracture sets in. The fracture leads to full stress relaxation, as revealed by the stressestrain curves (blue dashed lines) plotted in Fig. 2(b) . Moreover, the fracturing gives the opportunity to differentiate between elastic and plastic strain. During fracture the macroscopic stress is fully relaxed and, consequently, the elastic atomic strain around the undeformed pores is reduced leaving behind just the residual plastic strain, as can be easily seen in Fig. 2(b) .
When modifying the pore distribution and constructing a nanoporous BMG with an AB pore stacking and ratio d/s ¼ 1/2 the deformation mechanism changes dramatically. Now, the plastic deformation is localized in one dominant SB connecting those pores distributed in a plane inclined at about 45 with respect to the loading axis (Fig. 2, middle panels) . In this case, STZs nucleate around the pores and proliferate forming a network of embryonic SBs connecting the adjacent pores. Since the pores are arranged diagonally periodic along the maximum shear stress direction, the elastic energy release during plastic deformation is sufficiently large to provide the excessive energy associated with the formation of a dominant SB by connecting the aligned embryonic SBs. The propagation of one single SB leads to a significant stress drop, as can be seen in Fig. 2(c) . However, after reaching this strain level the nanoporous BMG shows a slight increase in flow stress, which is due to the fact that shear bands have to rotate in the threedimensional periodic setup and the Schmid factor is decreasing. A similar effect is found in all structures which show localized deformation in one dominant SB such as the monolithic BMG (see Fig. 2(c) ). We should also mention that during post data processing the structure dimensions are affine transform so that the shape of the structures will not change during tensile load. Hence, the shear band angle will not deviate from the initial value during deformation.
The third nanoporous BMG investigated here, with an AA pore stacking and d/s ¼ 1/2, has revealed the best plastic behavior. This structure shows homogeneous plastic flow, mediated by a network of multiple SBs, together with an increased maximum stress. In order to explain the improved plasticity, we also analyzed the local atomic shear strain. Fig. 2(a) , right hand side panels, reveals that embryonic SBs nucleate at the pore surfaces and propagate to the next pore along an angle of about 60 with respect to the loading axis. The angle deviation from the maximum shear stress direction results in the formation of SBs with high energy. Therefore, the elastic energy release during plastic deformation is not enough to provide the excessive energy associated with the formation of a dominant SB. In return, many embryonic SBs form and none of those goes critical. Moreover, the embryonic SBs intersect and block each other before touching the next pore (as marked with arrows in Fig. 2(b) ), manifesting a strain hardening process. Fig. 2 (c) reveals an increase in the maximum stress equivalent to Ds ¼ 0.5 GPa.
Therefore, the maximum stress at which these embryonic SBs propagate to the next pore is higher compared to the other two nanoporous BMGs. Furthermore, due to the intersection of SBs, the released elastic energy is used to nucleate a higher fraction of STZs in the heterostructure, (as can be seen in Fig. 2(b) ).
Strength-ductility optimization
The goal of this work is to identify the most effective nanoporous BMG structure in terms of high plasticity and high yield strength. As shown in the previous section, the heterostructure with 16 pores with a diameter of 4.5 nm distributed with an AA stacking and d/s ¼ 1/2 has shown the best plastic behavior. Nevertheless, since pores are soft heterogeneities, a high fraction of porosity results in a drastic decrease of the heterostructures strength. From the stressestrain curve plotted in Fig. 2(c) maximum stress of about 3.7 GPa is found which is much lower in comparison to the value of the monolithic BMG with the same chemical composition (s max z 4.8 GPa). Therefore, the next questions we address is whether the maximum stress of nanoporous BMG can be increased while avoiding localized plastic deformation by decreasing the number or/and size of the pores. First, the impact of the pore density on the plastic mechanisms is investigated by decreasing the number of the soft heterogeneities from 16 to 8. When analyzing comparatively the plastic behavior of these two heterostructures with pores distributed in an AA stacking with d/ s ¼ 1/2, a completely different deformation mechanism has been found. With decreasing number of pores the deformation switches The ellipse with black boundaries shows that the strain fields overlap given that the pore interdistance is smaller than the pore diameter. c) Tensile stressestrain curves for these nanoporous BMGs at a strain rate of 4,10 7 s
À1
. from homogeneous plastic flow mediated by a pattern of multiple SBs to a localized deformation in one dominant SB (see Fig. 3 ). Moreover, due to the localized plastic deformation the maximum stress does not increase significantly by decreasing the number of pores. The stressestrain curves of the two structures plotted in Fig. 3 reveal a small difference between the two maxima. Nevertheless, the stressestrain curve of the heterostructure with 8 pores shows a stress drop when shear band sets in, in contrast to the curve for the heterostructure with 16 pores where a smooth stress relaxation occurs. Calculating the angle formed between the SB and the loading axis we found a value of about 45 (see Fig. 3 ). Therefore, the spatial distribution of the pores in the structure allows the SB to propagate along the maximum shear stress direction to go critical and form a dominant one. In order to avoid the formation of a dominant SB we constructed a new heterostructure in which the pores were distributed in such a way that the embryonic SBs formed between the adjacent pores had an angle of about 60 + with respect to the loading axis. Fig. 3 reveals that the new heterostructure shows homogeneous plastic flow mediated by a network of multiple SBs similar to the case of the heterostructure with 16 pores. This statement is corroborated by the stressestrain curve which shows a smooth stress relaxation.
The next approach to increase the yield strength of nanoporous BMGs while retaining their ductility is to decrease the size of the pores. Fig. 4 presents the comparative plastic behavior of two heterostructures with an AA stacking and d/s ¼ 1/2 and a pore size of 4.5 nm and 2.6 nm, respectively. When decreasing the size of the pores to 2.6 nm, the deformation mechanism turns from homogeneous plastic flow to shear band slip. However, the dominant SB forms no more between the pores of two consecutive rows, as found in the case of the heterostructure with pores of 4.5 nm and an angle of 60 in between. The decrease in the pore size results in an increase in the pore spacing in the lateral direction perpendicular to the loading axis since these parameters are not mutually exclusive, i.e. modification of one directly affects the other. Calculating the angle between two consecutive rows of pores the angle increases from 60 to 66 with decreasing pore size (see Fig. 4 ). The excessive energy associated with the formation of a SB increases by deviating from the plane of maximum shear stress. Hence, a mature SB forms between i and iþ2 lines of pores, where i represents the index of the row. This SB goes critical along the maximum shear stress direction (z 45 ) instead of choosing the 66 angle.
A comparable study of the plastic behavior of nanoporous BMGs was conducted using also a continuum approach. By means of the finite element method we investigated the mechanical properties of the two heterostructures with the same overall size of the samples, as well as the porosity and pore size as in the case of MD simulations to establish a one-to-one comparison. Both studies show very good agreement in terms of deformation mechanism and the evolution of shear bands in the direction of the highest resolved shear stress in the course of tensile deformation. In the finite element simulations the development of shear bands is as follows: Under loading, around introduced voids stress concentrations occur at which early plastic deformation initiate. Long range interactions take place between voids, and together with the coupled nature of plastic shearing and free-volume generation, weak deformation bands emerge. These bands show a symmetric pattern which cross the boundaries of the RVE. The softening material response due to free volume generation and shear instability causes a symmetry-breaking bifurcation. Following, intense straining concentrates on one of the bands only, whereas others become less pronounced. Naturally, in the MD simulations the symmetry is broken due to the random distribution of atoms in the glassy matrix, whereas in the FEM the source is the finite precision arithmetics. In the current case long range interactions between the voids dominate and control the SB angle. In agreement with our MD simulation results, the heterostructure with smaller voids shows nearly 45 band orientation while for the system with larger voids the SB angle increases. Moreover, the band thicknesses observed in the FEM simulations are in accordance with our MD analysis. This complies well with the reported qualitative FEM-MD agreement with [30] and [39] also with the TEM studies suggesting a SB thickness of 10 nm, [40] . Fig. 4 reveals also a transition in the deformation mechanism from homogeneous plastic flow to localized deformation in a dominant SB with decreasing size of the pores. Similar to MD simulations, the most non-uniform nature of the deformation is observed for the case with regular void distributions of 2.6 nm. Therefore, this might be an indication that creating a low fraction of porosity is beneficial for the mechanical properties of nanoporous BMGs given that the resulting pore architecture does not allow for aligning the pores periodically along the maximum shear stress direction.
Tailoring the pore architecture
The results discussed above demonstrate a strong correlation between the pore distribution, size and density, in a way where it is not feasible to modify one of these parameters without affecting the others. Therefore, we tried to design an ideal nanoporous BMG structure with enhanced ductility while holding the maximum stress closer to the value of the monolithic BMG. The construction of such a structure must follow the criteria that the pores should not be aligned along the maximum shear stress direction and their volume fraction must be high enough so that the applied strain is distributed uniformly throughout the heterostructure avoiding the formation of a critical SB.
Based on these criteria we constructed a nanoporous BMG with 16 pores of 2.6 nm diameter distributed in a honeycomb-like pattern, as can be seen in Fig. 5 . Modifying the pore distribution from an AA stacking and d/s ¼ 1/2 to a honeycomb geometry we found a transition from localized deformation to homogeneous plastic flow. The formation of a pattern of multiple SBs, which intersect and block each other, results in a smoother stress relaxation compared to the case of monolithic BMG (see Fig. 6) . At a strain level of 10% embryonic SBs nucleate at the pore surface and orient along a direction of 45 with respect to the loading axis, as . Three snapshots with the local atomic shear strain of these heterostructure at a strain level of 16% are also presented.
can be seen in Fig. 5 . Since they block each other, a high number of embryonic SBs is formed and distributed over the whole sample so that the local energy release is not sufficient to accelerate one of these SBs. Moreover, at a strain of 12% these embryonic SBs start to diverge from their initial direction and propagate to an adjacent pore forming a mature SB oriented along a 60 direction with respect to the load axis. Even at a strain of 15% none of these SBs goes critical and, hence, the nanoporous BMG deforms homogeneously.
Again, the finite element simulations provide an excellent qualitative agreement with MD simulations in terms of homogeneously localized strain distribution in the nanoporous BMG. However, the nominal strains in the FEM study are lower than the corresponding nominal strains of MD simulations. Aside from other possible sources, this difference mainly arises from a large difference between the strain rates of FEM and MD simulations. As simulations show, as the deformation proceeds, the pores distribution results in a proliferation of multiple shear bands, and hence, the material response becomes relatively more ductile with higher energy absorption.
In case of composite materials, shear events start at the interfaces between glass and crystalline precipitate and form SBs which can not freely propagate throughout the sample since they are partly blocked by other precipitates [2, 41, 3, 4] . A pore is also a defect acting like a SB nucleation site, and has it been shown that the size of the pores greatly influences the initiation and propagation of SBs in the metallic glass [21] . However, is not clear if the size of the pore has a strong impact on the shear resistance. We have shown that the deformation mechanism of nanoporous BMGs is mostly affected by the pore distribution and density. Even for the case of a heterostructure with small pores of 2.6 nm distributed in a honeycomb-like pattern, which is less than half the width of a SB, none of the embryonic SBs can become mature into extended defects and the deformation becomes homogeneous. Therefore, we expect that nanoporous BMGs with even smaller pores show a homogeneous plastic deformation. To test this last hypothesis, a nanoporous BMG with smaller pores of 1.3 nm was investigated. Fig. 7 , upper panels, reveals a more localized deformation with decreasing size of the pores. The fraction of pores relative to the total volume of the structure is just about 1.5%. Therefore, the low fraction of pores can not distribute the applied strain homogeneously and a mature SB forms in the nanoporous BMG. Nevertheless, the impact of pores over the plastic behavior is still pronounced. Although the strain localization partially gets independent of the extrinsic stress concentrators, at least three pores, marked with circles in Fig. 7 , drastically affect the SB propagation, distinguished in this way from the case of shear banding like in a defect-free sample. It has been shown for composite materials that the size of crystalline precipitates must be at least twice the SB thickness to block the propagation of a SB [5] . If the precipitates are smaller than the SB is only partially blocked or the precipitates are penetrated by the SB and undergo significant rigid motion [42] . However, in nanoporous BMGs even a very small pore of 1.3 nm partially affects the SB propagation. The dominant SB intersects with three pores altering in this way its forward propagation. The pores are not blocking the SB as found in case of composite materials. Instead, the pores act like elastic buffers for shearing. When the SB hits the pores its energy is absorbed and used to expand these pores. It can be seen in Fig. 7 that the pores marked with white circles show a larger volume. The SB interaction with the pores is also revealed by the stressestrain curves plotted in Fig. 6 . The stress release is much smoother in case of nanoporous BMG compared to the monolithic BMG where a characteristic stress drop is present when shear band slip sets in. Moreover, the maximum stress of the nanoporous BMG has almost the same value as for the monolithic BMG. Therefore, in order to avoid strain localization and formation of a major SB, the pore size is not critical as long as a high extrinsic stress concentrator is involved, so that the plastic strain is homogeneously distributed over the whole sample. In order to corroborate the aforementioned statement we constructed a heterostructure with 32 pores of 1.3 nm. It can be clearly seen in Fig. 5 , bottom panels, that no dominant SB formed in the heterostructure deformed at an elevated strain level of 15 %. Thus, this heterostructure with a volume fraction of pores of about 3% shows homogeneous plastic deformation while maintaining a maximum stress close to the value of the monolithic BMG. This is analogous to the literature that microporous BMGs with an overall porosity smaller than 4% showed a dramatically enhanced plasticity in compression while their Young's modulus and yield strength were slightly reduced [15] .
Conclusions
In this paper, we have systematically investigated by means of molecular dynamics and finite element simulations the nanostructure-property relationships in Cu 64 Zr 36 nanoporous BMG by modifying the structural architecture via pore design. Valuable insights about the interplay of critical structural aspects such as pore density, distribution, size, number and deformation mechanisms of these heterostructures have been found. In a good agreement with the experimental work on microporous BMGs, the nanoporous structures with a pore size higher than 18 nm and diameter to spacing ratio of one deform through the formation of multiple shear bands between the pores followed by a fracture-like deformation mode perpendicular to the loading direction. Furthermore, with decreasing the size of pores, we found a transition in the plastic behavior from shear banding to necking-like homogeneous flow, which has been quantitatively interpreted by calculating the critical shear band length. In addition, depending on the pore distribution in the heterostructure, upon tensile loading the nanoporous BMG showed a clear transition from a fracture-like deformation mode to localized deformation in one dominant shear band, and ultimately to homogeneous plastic flow mediated by a pattern of multiple shear bands. Finally, most effective heterostructure with a high plasticity and yield strength closer to the value of the monolithic BMG has been identified. The construction of such a structure must satisfy the following criteria:
(i) The pores should not be periodically distributed along the maximum shear stress direction. (ii) A high extrinsic stress concentrator (pores) must be involved to distribute the plastic strain homogeneously over the whole sample. (iii) The size of the pores can be decreased to only 1 nm as long as an overall porosity higher than 3% is created in the heterostructure.
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